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Highlights: 
1. Fifty archived urban soils from the Belfast area Tellus Survey were analyzed. 
2. Antibiotic resistance determinants were profiled by high throughput qPCR chip. 
3. Evidence for metal-induced co-selection of antibiotic resistance genes (ARGs). 
4. Total ARGs were positively correlated with total mobile genetic elements. 
5. Metals may confer persistent selection pressures for ARGs in urban soils. 
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Abstract 1 
Antibiotic resistance genes (ARGs) constitute emerging environmental pollutants and pose risks to public 2 
health. Toxic metals are known to select for metal-resistant bacteria in metal-contaminated soils, but there 3 
is growing concern that metal contaminants can also act as co-selective agents thereby causing 4 
environmental proliferation of antibiotic resistance. In this study, we quantified ARGs and selected 5 
mobile genetic elements (MGEs) known to constitute potential ARG hosts in 50 archived urban and 6 
suburban soils from the Belfast metropolitan area using a high-throughput qPCR ARG chip. ARG 7 
prevalence was linked to concentrations of individual metals and a soil metal toxicity index calculated 8 
based on the relative toxicity of different metals to soil microbial processes. A total of 164 ARGs were 9 
detected across the 50 soils analyzed with an average absolute abundance of 3.4 × 107 ARG gene copies 10 
per gram of soil. A significant correlation between abundance of ARGs and MGEs was observed, 11 
suggesting the importance of horizontal gene transfer for ARG dissemination. Network analysis revealed 12 
significant co-occurrence patterns between specific metals (As, Cd, Co, Cr, Cu. Hg, Ni and Zn) and 13 
associated ARGs. Path analysis further indicated that the soil metal toxicity index significantly affected 14 
the number of detected ARGs (λ = 0.32, P < 0.001) and the abundance of metal co-occurring ARGs (λ = 15 
0.612, P < 0.001) via effects on MGEs. Collectively, our results indicate a role of soil metals in co-16 
selection of ARGs and MGEs in urban and semi-urban soils and suggest a risk for environmental ARG 17 
dissemination via horizontal gene transfer.   18 
 19 
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1. Introduction 24 
The rapid emergence of antibiotic-resistant bacteria is occurring worldwide, posing threats to global 25 
public health, food security and development (Ventola, 2015). According to the World Health 26 
Organization (WHO), a post-antibiotic era is emerging, in which antibiotic resistance threatens the 27 
effective prevention and successful treatment of an ever-increasing range of bacterial infections. The 28 
critical role of the environment for development and dissemination of antibiotic resistance has now been 29 
recognized (Ashbolt et al., 2013). Consequently, antibiotic resistance genes (ARGs) and mobile genetic 30 
elements carrying these genes can be regarded as emerging environmental pollutants (Gillings et al., 2008; 31 
Pruden et al., 2006).  32 
 33 
The widespread use of antibiotics is generally considered to be the primary cause for elevated levels of 34 
ARGs in pathogenic bacteria (Ventola, 2015), but there is growing concern that contaminants such as 35 
metals and biocides may also co-select for antibiotic resistance (Baker-Austin et al., 2006; Berendonk et 36 
al., 2015; Hoffman et al., 2005; Pal et al., 2017; SCENIHR, 2009). Co-selection of antibiotic and 37 
metal(loid) resistance have been associated with arsenic (As), cadmium (Cd),  cobalt (Co), chromium (Cr), 38 
copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn) (Knapp et al., 2011; Pal et al., 2017; Pal 39 
et al., 2015; Seiler and Berendonk, 2012; Yazdankhah et al., 2014). Several co-selection mechanisms are 40 
known (Baker-Austin et al., 2006). The genes encoding resistance to antibiotics and metals may for 41 
instance be found on the same mobile genetic elements (plasmid, integron or transposon), and this 42 
physical linkage results in co-resistance. Cross-resistance is another co-selection mechanism which occurs 43 
when single genes encode resistance to both antibiotics and metals.  44 
 45 
The relative importance of antibiotics and co-selecting agents for the selection of antibiotic resistance is 46 
likely to differ between different environments. Antibiotic residues primarily accumulate to toxic levels 47 
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able to strongly select bacterial communities in habitats where antibiotics are used by humans (e.g., 48 
human or animal gut), whereas antibiotics only rarely accumulate to toxic levels in soil or water (Brandt 49 
et al., 2015). By contrast, metals frequently accumulate to toxic levels in some environmental 50 
compartments including both agricultural and urban soils (Brandt et al., 2010; Berg et al., 2012; Imfeld et 51 
al., 2011; McLaughlin and Smolders, 2001). Indeed, toxic metals may in some cases provide stronger and 52 
more persistent selective pressures for environmental selection of antibiotic resistance as compared to 53 
antibiotic residues (Song et al., 2017). Consequently, metal-induced co-selection for ARGs in metal 54 
contaminated environments represents a risk factor for the expansion of the soil bacterial resistome and 55 
may thus represent a barrier for reversal of antibiotic resistance even if antibiotic residues are prevented 56 
from reaching the environment. 57 
 58 
Continuous accumulation of metal(loid) contaminants widely occurs in urban soils (Luo et al., 2012). 59 
Over half of the world’s population currently lives in urban areas, and the urban population continues to 60 
grow (United Nations, 2014) suggesting increasingly important linkages between urban environmental 61 
quality and human health (Li et al., 2018).  Due to rapid urbanization and intensive anthropogenic activity, 62 
a massive volume of potential selective agents (such as heavy metals) and microbes carrying ARGs 63 
swarm into urban soils and successfully persist, increasing the level of ARG pollution in urban 64 
environments (Wang et al., 2014). These ARGs spread amongst humans and in the environment by 65 
horizontal gene transfer (HGT), developing into pathogenic antibiotic-resistant bacteria (pARB) and 66 
thereby raising the risk of failure of antibiotic treatments (Zhu et al., 2018). The linkage between soil 67 
metals and ARGs from urban and industrially polluted soils has been observed in previous studies (Knapp 68 
et al., 2017, Berg et al. 2010). However, only a few metals and a limited number of ARGs were targeted 69 
and comprehensive evidence for the ability of metals to co-select antibiotic-resistance in urban soils is 70 
still largely lacking (Larsson et al., 2018). Therefore, monitoring ARG distribution in urban environments 71 
and its association with metals as co-selective agents is necessary.  72 
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 73 
In this study, we profiled ARGs in metal-contaminated soils within an urban area to improve our 74 
understanding of the role of metal contaminations in developing ARGs. To this end, 50 archived soils 75 
across the urban area of Belfast, Northern Ireland with a gradient of various metal contaminations were 76 
selected and examined using a high-throughput qPCR based ARG chip. The ARG profile was 77 
subsequently linked to MGEs and metal contamination by multivariable statistical analyses and network 78 
analysis. Cluster analysis, permanova test with land use and distance-decay analysis was applied to depict 79 
the influence of geographic factors (spatial location) on ARG distribution. The path analysis was further 80 
performed to test our hypotheses of metal-induced co-selection on ARGs. 81 
 82 
2. Materials and Methods 83 
2.1. Study area 84 
Belfast is the capital and the largest city in Northern Ireland with a population of approximately 700 000 85 
(NISRA, 2016). During the 18th and 19th centuries, Belfast grew to be the leading industrial city in 86 
Ireland, with thriving linen and shipbuilding industries. Belfast continued to play an important role 87 
throughout the industrial revolution in the 19th century and is also historically recognized for tobacco-88 
processing, rope making, glass manufacturing, tobacco production and distilleries (Royle et al., 2007). 89 
Concentrations of metal(loid)s in the Belfast area have been shown to act as an ‘urbanization tracer’ 90 
(McIlwaine et al., 2017) and differential metal(loid) concentrations can, therefore, be largely attributed to 91 
anthropogenic contamination. By contrast, anthropogenic contamination of the Belfast area soils with 92 
antibiotics or ARGs can generally be considered negligible. Human fecal wastes are almost exclusively 93 
released to aquatic recipients through wastewater collection and treatment processes (EMEA, 2006). 94 
Leakage of untreated wastewater from the collection network into soil could potentially provide a route 95 
for antibiotics and ARGs to enter the soil. However, the collection network is at a greater depth than the 96 
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soils investigated in this study (5-20 cm depth), and significant top soil contamination is therefore highly 97 
unlikely. We therefore assume that ARGs present in the sampled top soils of the Belfast area were 98 
primarily derived from the natural, ‘background’ antibiotic resistome (e.g. ARGs in soil-dwelling bacteria 99 
producing or degrading antibiotics; (D’Costa et al., 2007; Dantas et al., 2008)) with potential 100 
contributions from other diffuse sources (e.g. ARGs in fecal matter from wildlife, rain water, or particles 101 
deposited via air). Hence, the metropolitan area of Belfast provides an opportunity to evaluate the ability 102 
of soil metal(loid)s to co-select antibiotic resistance. The boundaries of the study area have been defined 103 
using the Corine land cover data (European Environment Agency, 2012) satellite images and the spatial 104 
distribution of the available urban soil samples.  105 
 106 
2.2. Soil collection  107 
The Tellus geochemical and geophysical survey was undertaken across the entire region of Northern 108 
Ireland by the Geological Survey of Northern Ireland (GSNI) between 2004 and 2007. Shallow soil 109 
samples (5-20 cm) from 1166 sampling locations were collected and archived at room temperature (< 110 
25°C). Full details of the sampling strategy are described in a previous study (Smyth, 2007). In this study, 111 
a total of 50 sampling locations were selected (Figure 1a) and their archived urban soils (Knights, 2006) 112 
were retrieved from the GSNI Tellus survey archive in October 2016. Original sampling coordinates are 113 
listed in Table S1. Sample selection targeted a broad spectrum of toxic elements, with a wide range of 114 
concentrations, and included a variety of different land uses while ensuring samples were spatially 115 
distributed across the city. 116 
 117 
2.3. Soil chemical characterization 118 
Archived metal concentration data (As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn) were retrieved from the 119 
Tellus database for downstream analyses. The spatial distribution of these elements across Belfast has 120 
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been reported previously (McIlwaine et al., 2017). Concentrations of As in soils were found to be 121 
controlled by anthropogenic inputs. By contrast, concentrations of Cu and Zn were influenced by both 122 
anthropogenic and geogenic inputs, while concentrations of Ni, Co and Cr were mainly attributed to 123 
geogenic sources (McIlwaine et al., 2017). 124 
 125 
A metal toxicity index (TImetals) was calculated for each soil sample to provide a normalized measure of 126 
the bacterial selection pressure posed by the toxic metals present in each sample. TImetals was calculated 127 
based on previously recorded effects of individual metal(loid)s  (As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn) 128 
on soil microbial processes (Welp, 1999) following a previously established procedure (Azarbad et al., 129 
2015; Stefanowicz et al., 2008): TImetals= ∑(Ci/EC50i), where Ci equals the total concentration of the 130 
element i in the soil and EC50i equals the half-maximal effective concentration for that particular element i 131 
(Welp, 1999).  132 
 133 
Archived soil pH and land use data were also retrieved from the Tellus database (Table S1). Full details 134 
of the analytical methods used and quality assurance/quality control procedures adopted in the Tellus 135 
geochemical survey can be found in a previous study (Smyth, 2007).  136 
 137 
2.4. DNA extraction 138 
The 50 selected soil samples were retrieved from the Tellus soil archive and aseptically weighed into 139 
prepared sterile plastic bags. A total of 250 - 400 mg of dry soil was transferred into PowerBead Tubes 140 
(MoBio) and incubated for rehydration at room temperature for 20-30 minutes. DNA was extracted from 141 
rehydrated soil using MoBioPowerSoil® DNA Isolation Kit according to the instruction manual. The 142 
concentration and purity of DNA were checked using ultraviolet absorbance (ND1000, Nanodrop, 143 
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Thermo Fisher Scientific). DNA was eluted in 100 μl elution buffer and stored at -20 °C for downstream 144 
analysis. Long-term storage has been proven to not cause bias in DNA results (Tzeneva et al., 2009, 145 
Knapp et al., 2010). 146 
 147 
2.5. High-throughput qPCR 148 
A total of 296 primer sets (Table S2) were used to examine Belfast urban soils. These 296 primer sets 149 
targeted antibiotic resistance genes (285 primer sets), mobile genetic elements (10 primer sets) and a 16S 150 
rRNA gene as a reference gene (Zhao et al., 2018; Zhu et al., 2017). Collectively, the targeted ARGs 151 
confer resistance to all major classes of antibiotics including aminoglycoside, beta-lactamase, 152 
chloramphenicol, macrolide-lincosamide-streptogramin B (MLSB), multidrug, sulfonamide, tetracycline 153 
and vancomycin. Targeted mobile genetic elements included transposase genes (8 primer sets) and Class 154 
1 integron-integrase gene (2 primer sets). The HT-qPCR was performed with an HT-qPCR based ARG 155 
chip using the WaferGen SmartChip Real-time PCR system. Negative controls were included. The 156 
thermal cycle consisted of 10 min at 95 °C, followed by 40 cycles of denaturation at 95 °C for 30 s and 157 
annealing at 60 °C for 30 s. Melting curve analyses were automatically conducted by Wafergen 158 
SmartChip qPCR software. 159 
 160 
All HT-qPCR were performed in technical triplicates with negative control. The data from reaction wells 161 
with r2 smaller 0.99 were discarded. Only data for samples with three technical replicates that all 162 
generated amplification products were regarded as positive detection and used in further data analysis. 163 
Relative copy number was calculated based on previously published method (Looft et al., 2012): relative 164 
gene copy number = 10(31-CT)/(10/3), where CT refers to the qPCR results and 31 refers the cut-off point. The 165 
normalized abundance of a gene (copies per 16S rRNA) was calculated by dividing relative gene copy 166 
number of the gene by relative copy number of reference gene 16S rRNA. 167 
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 168 
Absolute 16S rRNA copy numbers (copies per gram of soil) were determined using the standard curve 169 
method on a Roche 480 system. Each 20 μl qPCR reaction mixture consisted of 10 μl 2 × LightCycle 480 170 
SYBR Green I Master, one μg μl–1 bovine serum albumin, one μM of each primer, one ng μl–1 DNA as 171 
template and six μl nuclease-free PCR-grade water. The thermal cycle consisted of a 10 min enzyme 172 
activation at 95 °C, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s 173 
and extension at 72 °C for 15 s. A plasmid control containing a cloned and sequenced 16S rRNA gene 174 
fragment (1.39 × 1010 copies per liter) was used to generate calibration curves from a tenfold dilution for 175 
standard calculation. All qPCRs were performed in technical triplicates with negative controls. Absolute 176 
ARG copy numbers were calculated by transforming relative copy numbers by normalization from 177 
absolute 16S rRNA gene copy number. 178 
 179 
2.6. Statistical analysis 180 
All HT-qPCR data filtration and calculations were performed using Microsoft Excel 2010. Bar charts and 181 
scatter diagrams were generated using Origin Pro 9.1. Correlation analyses and significance tests were 182 
performed using IBM SPSS Statistics 22. Heatmaps were generated using HemI 1.0 (Deng et al., 2014). 183 
Shannon H index was determined using PAST Statistics Software (Hammer et al., 2001). The distance-184 
decay analysis and permanova test were conducted using R 3.4.1 with the vegan package (Oksanen et al., 185 
2007). The co-occurrence patterns between ARGs (normalized abundance) and MGEs (normalized 186 
abundance)/metals (total concentration) were explored using network analysis. To visualize the 187 
correlations in the network interface, a correlation matrix was constructed using all pairwise Pearson’s 188 
rank correlations. Only correlations with Pearson’s r > 0.7 (or < -0.7), a significance level of P < 0.05, 189 
and p-value lower than critical value calculated by Benjamini-Hochberg procedure were considered 190 
robust and used for forming the co-occurrence networks. The network was then checked by 191 
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randomization procedure from randomized data. Network visualization was performed in Cytoscape 3.6.0 192 
(Shannon et al., 2003). For spatial data representation, maps were produced using the ArcGIS software 193 
ArcMap version 10 (ESRI, 2010). 194 
 195 
The path analysis, as a special case of structural equation model (SEM), has been proven useful as a 196 
statistical tool to explore the complex networks of causal relationships ecosystems (Eisenhauer et al., 197 
2015). In this study, it was performed to evaluate the overall effect of soil metal contamination 198 
(represented by TImetals) on ARG patterns as represented by both the number of detected ARGs and the 199 
normalized abundance of all co-occurring ARGs using SPSS AMOS. The path model was established 200 
based on the following theoretical assumptions: (i) metal contamination may directly influence ARG 201 
patterns by acting as a direct selective agent; (ii) metal contamination may indirectly affect ARG patterns 202 
through MGE associated co-selection processes, with co-resistance as a mechanism. The data were fitted 203 
to the estimated model using a maximum-likelihood estimation method. The model fit was tested and an 204 
overall goodness-of-fit of the model was indicated by satisfaction of the following criteria: (i) non-205 
significant Chi-square value (P > 0.05); (ii) low root mean square error of approximation as absolute fit 206 
index (RMSEA < 0.08); (iii) high increment fit index (CFI, GFI, TLI, NFI > 0.95; CFI as comparative fit 207 
index, GFI as goodness of fit, TLI as Tucker-Lewis index and NFI as Normed-fit index). The disturbance 208 
terms (also called the residual error terms) were added into the model to reflect the unexplained variance 209 
and measurement error. The path coefficients (standardized regression weights) and significance were 210 
calculated in an SPSS AMOS, showing the effect of an independent variable on a dependent variable in 211 
the path model. The standardized direct, indirect and total effects were automatically calculated using 212 
SPSS AMOS following the method published previously (Finney, 1972). 213 
 214 
3. Results 215 
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3.1. Diversity and abundance of ARGs in Belfast urban area 216 
A total of 175 genes (164 ARGs, eight transposase genes, two Class 1 integron-integrase genes and the 217 
16S rRNA gene) were detected by the HT-qPCR chip in the 50 studied urban soils (Figure 1). The 218 
detected ARGs represented most major resistance mechanisms including antibiotic deactivation (43%), 219 
efflux pumps (34%) and cellular protection (19%) (Figure 1b) and confer resistance to most major classes 220 
of antibiotics administered to humans and animals, including aminoglycosides, beta-lactams, 221 
chloramphenicols, MLSB, sulfonamides, tetracyclines, vancomycin and multidrug.  Almost half of the 222 
detected ARGs confer resistance to beta-lactams (23%) and multidrug (23%) (Figure 1c). The number of 223 
detected ARGs in the Belfast urban area ranged from 8 to 137 with the average at 67 (Figure 1a). The 224 
Shannon diversity H index of ARGs varied from 1.2 to 3.4 in Belfast urban samples (Figure S1). To 225 
compare the spatial similarity of ARG patterns, we examined the presence and absence of ARGs across 226 
all samples. Only two shared core ARGs (mphA-02 and cphA-01) conferring resistance to macrolide and 227 
beta-lactam antibiotics were found in all samples. 228 
 229 
The absolute abundance of ARGs in Belfast urban soils varied over six orders of magnitude (6.8 × 102 to 230 
1.7 × 108 copies per gram of soil) with an average of 3.4 × 107 (Figure 1a). The predominant ARGs 231 
encoded beta-lactam, multidrug, aminoglycoside or chloramphenicol resistance (Figure S2). The three 232 
most abundant ARGs were mexF, cphA-01 and cmx(A). The mexF gene, which encodes a multidrug 233 
resistance efflux pump for chloramphenicol and fluoroquinolone, was detected in 49 soil samples at 5 - 234 
229 × 107 copies per gram of soil. The cphA gene confers resistance to different beta-lactams antibiotics 235 
(penicillin, cephalosporin and carbapenem) via hydrolysis of the beta-lactam ring and was detected in all 236 
50 soils with an average abundance of 6.6 × 106 copies per gram of soil. The cmx(A) gene encodes a 237 
chloramphenicol exporter and was found in 49 samples, varying in abundance from 2 - 43 × 107 copies 238 
per gram of soil. 239 
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 240 
To better explore the prevalence of ARGs within the studied soil bacterial communities, the absolute 241 
abundance of ARGs and MGEs was normalized relative to the abundance of the 16S rRNA gene. 242 
Bacterial abundances in soils were in the range of 8.7 × 103 to 9.0 × 108 with an average of 2.2 × 108 243 
copies per gram. The normalized ARG abundance in 50 soils varied from 0.06 to 0.77 with an average of 244 
0.15 ARG copies per 16S rRNA gene.  245 
 246 
We further investigated the spatial distribution of ARGs with distance-decay analysis and cluster analysis. 247 
However, our results show that ARG distribution in the Belfast urban area was unlikely to have been 248 
driven by geographic factors. The geographic distance did not show any significant correlation with the 249 
similarity of ARG communities between samples (Pearson’s r = -0.026, P = 0.355) (Table S3). Likewise, 250 
land use at the time of soil sampling could not explain the observed ARG patterns. Combining the cluster 251 
analysis with a heatmap to visualize the ARG profiles in different land uses, we thus did not find any 252 
significant effect of land use (cluster) on the ARG distribution in Belfast urban soils (Figure S3&4). This 253 
conclusion was further confirmed by permanova test (R2 < 0.02, P > 0.05; Table S4). Both results 254 
indicated the inconsequential role that geographic factors played in determining the fate of ARGs in 255 
Belfast urban soils. 256 
 257 
3.2. MGEs and their associations with ARGs 258 
A total of two integron genes and eight transposon genes were targeted and detected in this study. The 259 
total absolute abundance of these MGEs ranged from 2-38 × 107 copies per gram of soil with an average 260 
of 3.4 × 106. The normalized abundance of MGEs ranged from 0.004 to 0.069 copies per 16S rRNA gene 261 
with average at 0.014. Class 1 integron, intI-1, was found in all 50 soils. Significant correlations were 262 
found between MGEs and ARGs (Figure 2). The normalized abundance of MGEs was positively 263 
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correlated with the number of ARGs detected (Pearson’s r = 0.57, P < 0.001), as well as normalized 264 
abundance of ARGs (Pearson’s r = 0.66, P < 0.001) (Figure 2a). Positive correlations were also found 265 
between the absolute abundance of ARGs and the MGEs: Class 1 integrons (Pearson’s r = 0.97, P < 0.001) 266 
and transposons (Pearson’s r = 0.66, P < 0.001) (Figure S5). 267 
 268 
The co-occurrence pattern between specific ARGs and MGEs were revealed by network analysis based 269 
on Pearson correlations (r > 0.7, P < 0.05) (Figure 2b). The network consists of 130 nodes corresponding 270 
to 8 MGEs and 122 ARGs. A total of 358 strong correlations between these MGEs and ARGs were found, 271 
including 334 positive correlations and 24 negative correlations. MGEs including integrons and 272 
transposons both exhibited a co-occurrence pattern with different types of ARGs. A total of 81 ARGs 273 
were positively correlated with the class 1 integron, intI-1, while 77 ARGs were positively correlated with 274 
the clinical class 1 integron, cIntI-1. For transposons, 66 ARGs were found positively correlated to tnpA 275 
and IS613 genes. Among the 358 correlations between ARGs and MGEs, 31% were contributed by 276 
multidrug-resistant genes, while beta-lactam, MLSB, vancomycin, aminoglycoside, tetracycline and 277 
chloramphenicol resistant genes accounted for 20%, 12%, 12%, 7%, 6% and 2%, respectively. 278 
 279 
3.3. Co-occurrence pattern between metals and ARGs 280 
The soil samples profiled for ARGs and MGEs were contaminated to varying degrees by metals. The 281 
metals with the potential of co-selection for ARGs and their concentration ranges in the soil samples were 282 
shown in Table 1. The co-occurrence pattern between metals and ARGs was further explored by network 283 
analysis based on Pearson’s correlation (r > 0.7, P < 0.05) (Figure 3). The network consists of 25 nodes 284 
including eight metals and 17 ARGs. A total of 24 significant positive correlations were found between 285 
metals and ARGs. No significant negative correlation was found between metals and ARGs. As, Cd, Co, 286 
Cr, Cu, Hg, Ni and Zn all exhibited co-occurrences with specific ARGs. Zinc was found to co-occur with 287 
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eight resistance genes conferring resistance to aminoglycosides (4), multidrug (3) and beta-lactam 288 
antibiotics (1). Copper co-occurred with aminoglycoside resistance genes (aadA and aac) and MLSB 289 
resistance genes (mefA). The number of ARGs that co-occurred with Cd, Co, Ni, Hg, Cr and As were 3, 3, 290 
2, 2, 2 and 1, respectively. These metal(loid)s all co-occurred with 17 specific ARGs conferring resistance 291 
to aminoglycosides, beta-lactams, MLSBs, multidrug, tetracycline and vancomycin. Among the 24 292 
connections, almost half were contributed by a combination of aminoglycoside (25%) and multidrug 293 
resistance genes (21%). 294 
 295 
3.4. The effects of metal toxicity index and MGEs on ARGs 296 
To further assess the effects of metals and MGEs on ARGs, structural equation model (SEM) based path 297 
analysis was performed with a multiple-pathways model based on the theoretical assumptions outlined in 298 
section 2.6 (Figure 4a). The path analysis indicated that the degree of soil metal contamination (metal 299 
toxicity index) had a significant direct positive association on normalized abundance of co-occurring 300 
ARGs (copies per 16S rRNA gene) (λ= 0.187, P < 0.01) and a significant indirect positive effect on 301 
number of detected ARGs (λ = 0.251, P < 0.001) (Figure 4b) and normalized abundance of co-occurred 302 
ARGs (copies per 16S rRNA gene) (λ = 0.426, P < 0.001) (Figure 4c).The total standardized effects of 303 
metal toxicity index on the number of detected ARGs and normalized abundance of co-occurring ARGs 304 
(copies per 16S rRNA gene) were 0.323 and 0.612, respectively. This suggests that increase of one unit of 305 
one metal toxicity index resulted in 0.323 more numbers of ARGs detected and 0.612 more copies of co-306 
occurred ARGs per 16S rRNA gene. Metal toxicity changed MGE abundances in soil (λ = 0.521, P < 307 
0.001) and subsequently influenced the number of detected ARGs and abundance of co-occurring ARGs 308 
(λ = 0.483, P < 0.001 and λ = 0.817, P < 0.001) (Figure 4a). Metal toxicity index and MGE abundance 309 
both had a total positive effect on the number of detected ARGs and abundance of co-occurred ARGs. 310 
The path analysis results were further tested and confirmed by correlation analysis. The correlation 311 
analysis showed significant positive correlations among metal toxicity index, the abundance of MGE, 312 
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number detected ARGs and abundance of co-occurring ARGs (Figure S6), which further confirmed the 313 
positive association between metals and ARGs via MGEs. Significant positive correlations were also 314 
found between soil pH and the number of detected ARGs (Pearson’s r = 0.329, P < 0.05), and between 315 
the absolute abundance of the 16S rRNA gene and total ARGs (copies per gram) (Pearson’s r = 0.905, P 316 
< 0.001).  317 
 318 
4. Discussion 319 
4.1.  Evidence for metal-induced co-selection of ARGs in urban soils 320 
To the best of our knowledge, this present study provides the most comprehensive investigation of the 321 
ability of metal contamination to affect the distribution of ARGs in urban soils to date.  The co-322 
occurrence between specific metal contaminants and specific ARGs together with the significant positive 323 
effect of overall soil metal loading (metal toxicity index) on soil ARGs are key findings and suggests co-324 
selection of metals and ARGs (Figure 3 & 4). Not only was a diverse range of ARGs detected, many of 325 
which displayed significant co-occurrence patterns with both specific metals and overall metal load 326 
(metal toxicity index), but we were also able to identify a potential causal link between soil metals and 327 
ARGs. Hence, observed ARG patterns could not be explained by current land use or geographic location 328 
and with the possible exception of the two included pasture soils (Table S1), the studied soils were 329 
generally unlikely to have received significant recent point source inputs of fecal materials from humans 330 
or animals treated with antibiotics. Soil pH also affected observed ARG patterns; this could most likely be 331 
attributed to the known abilities of pH to modulate bacterial community composition (Rousk et al., 2010) 332 
and the bioavailability/toxicity of metals (Smolders et al., 2009).  333 
 334 
4.2.  Co-selection mechanisms and potential for horizontal gene transfer of ARGs 335 
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Although our study was not specifically designed to compare the relative importance of different co-336 
selection mechanisms (Baker-Austin et al., 2006), it clearly demonstrated co-selection of ARGs and 337 
MGEs (Figure 4). The strong linkages between metal toxicity index, MGEs and ARGs indicate a 338 
significant metal impact on both the diversity and abundance of ARGs via MGEs (Figure 4). According 339 
to our results of path analysis, 78% of the total effect of metal toxicity on the number of detected ARGs 340 
and 69% of the total effect of metal toxicity on the abundance of co-occurring ARGs were observed to 341 
occur via MGEs. The majority of co-occurring ARGs with metals were found to also co-occur with 342 
MGEs, suggesting an underlying metal-driven co-selection process with co-resistance (i.e. linkage of 343 
genes conferring resistance to metals and antibiotics on the same genetic element) as the major 344 
mechanism for most studied ARGs that do not have any known roles in bacterial metal resistance. 345 
However, the resistance genes acrF, adeA, ttgB, qacEΔ1, rarD, tetPA and mefA encode efflux pumps as 346 
their resistance mechanism and cross-resistance with other classes of antimicrobial agents via efflux 347 
cannot be ruled out. For instance, the multi-drug resistance pumps encoded by the genes acrF, adeA, 348 
qacEΔ1rarD and ttgB can export both metals and antibiotics for detoxification purposes (Mata et al., 349 
2000).  350 
 351 
The ability of soil bacteria to transfer ARGs to pathogenic bacteria of clinical relevance is of considerable 352 
public health concern (Forsberg et al., 2012, Ashbolt et al., 2013, Graham et al., 2016). Importantly, our 353 
study indicates that urban soil metal pollution co-selected ARGs that may be prone to horizontal gene 354 
transfer between different species of bacteria. Results of correlation analysis, network analysis and path 355 
analysis all showed that an increase in MGE abundance was strongly correlated with an increase in ARG 356 
diversity and abundance (Figure 2, 4 & S6). The co-occurrence pattern of ARGs and MGEs revealed by 357 
network analysis showed several clusters within the network. Resistance genes such as aac and aad genes, 358 
known to be carried within integron gene cassettes (An et al., 2018; Partridge et al., 2009), were strongly 359 
correlated with the class 1 integron gene IntI-1, clinical class 1 integron gene cIntI-1 and transposon 360 
16 
 
genes tnpA and IS613 (Figure 2). The clinical class 1 integron-integrase gene, cIntI-1, exhibits rapid 361 
responses to various environmental pressures (including toxic metals) and thus has been proposed as a 362 
marker for anthropogenic pollution and as an emerging pollutant (Gillings et al., 2015; Gillings, 2018). 363 
The significant correlation and co-occurrence pattern between the clinical class 1 integron-integrase gene 364 
(cIntI-1) and ARGs (Table S5 & Figure 2) may therefore suggest that metal contamination increases 365 
environmental selection of bacteria containing clinical Class 1 integrons conferring resistance to both 366 
metals and antibiotics even in the absence of a selection pressure exerted by antibiotic residues.  367 
 368 
4.3. Conclusions and perspectives for the environmental dissemination of ARGs.  369 
Our findings provide evidence that metal contamination (As, Cd, Co, Cr, Cu, Hg, Ni and Zn) could 370 
significantly affect the diversity, abundance and mobility potential of a broad spectrum of ARGs in urban 371 
soils. Collectively, our results suggest that urban soil metal contamination increases the potential for 372 
horizontal gene transfer of ARGs via co-selection of ARGs and MGEs thereby generating a pool of high-373 
risk mobile ARGs (Martínez et al., 2015). Indeed, it is likely that metals in many soils confer more 374 
important selective agents than antibiotic residues because metals, as opposed to antibiotics, frequently 375 
accumulate to persistent toxic levels in contaminated soils (Song et al., 2017). Based on the ongoing 376 
recruitment of resistance genes by MGEs (Gillings et al., 2015, Gillings, 2018), we further hypothesize 377 
that soil metals may become an even more important public health risk factor for the evolution (e.g. 378 
selection, mobilization, horizontal gene transfer and persistence) of ARGs in the future. Hence, we call 379 
for additional research into metal-induced co-selection of ARGs and MGEs in metal contaminated soils in 380 
the interest of public health (Larsson et al., 2018).  381 
 382 
Urban soils are commonly contaminated with toxic metals (McIlwaine et al., 2017) and our study thus has 383 
implications for environmental regulation and management of urban soils worldwide. Hence, urban 384 
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residents may be exposed to ARGs via ingestion of metal-contaminated urban soils (especially children) 385 
or vegetables (urban gardening) unless adequate precautions are taken. Metals and co-selected ARGs may 386 
also be leached to groundwater or transported by surface runoff to aquatic receptors implying subsequent 387 
human ARG exposure via drinking water (Frey et al., 2015, Ma et al., 2017) or recreational activities 388 
(Leonard et al., 2018). Specific metals will probably co-select for different ARGs in different soils and it 389 
will therefore not be relevant to monitor only a few ARGs when evaluating risks posed by toxic soil 390 
metals. We therefore propose that metal susceptibility in indicator soil bacteria or presence of pollution-391 
induced community tolerance to metals (Lekfeldt et al., 2014) might serve as additional protection goals 392 
for environmental risk assessment of toxic metal in soil. In conclusion, serious consideration is needed to 393 
set minimum standards for retarding ARGs and for mitigating the accumulation of toxic metals in urban 394 
soils.  395 
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Figures Legend 560 
Figure 1 Antibiotic resistance gene (ARG) profile in Belfast urban soils. The map (a) reveals the number 561 
of different ARGs detected (dot size scale) and their absolute abundance (copies per gram of soil; color 562 
scale) in 50 urban soils from the Belfast metropolitan area. Pie charts depict (b) the percentage of detected 563 
ARGs corresponding to different resistance mechanisms and (c) their classification based on the 564 
antibiotics they confer resistance to.  565 
Figure 2 Correlation between mobile genetic elements (MGEs) and antibiotic resistance genes (ARGs) 566 
across all 50 Belfast urban soils. (a) The normalized abundance of all targeted MGEs (2 integrons and 8 567 
transpons) significantly correlated to the total number of detected ARGs and the normalized abundance of 568 
ARGs (copies per 16S rRNA gene) based on Pearson’s correlation (P < 0.001). (b) Network analysis 569 
showing the co-occurrence pattern between individual MGEs and ARGs. A connection represents a 570 
strong (Pearson’s r > 0.7) and significant (P < 0.05) correlation. The nodes with different colors represent 571 
MGEs and different ARG types. The edges with different colors correspond to positive (grey) and 572 
negative (red) correlations between nodes. The size of node is proportional to the number of connections 573 
between nodes. The width of edge is proportional to the degree of correlation. 574 
Figure 3 Network analysis showing the co-occurrence pattern between metals (As, Cd, Co, Cr, Cu, Hg, 575 
Ni, Pb, and Zn) and antibiotic resistance genes (ARGs) based on Pearson correlation analysis. A 576 
connection represents a strong (Pearson’s r > 0.7) and significant (P < 0.05) correlation. The color of each 577 
node represents each metal or the type of ARG. The node size is proportional to the number of the 578 
connections. The edge width represents the degree of correlation plotted with Pearson’s r. All significant 579 
correlations in the data set were positive.  580 
Figure 4 Path analysis showing the modelled effect of soil metal contamination (metal toxicity index) and 581 
normalized abundance of mobile genetic elements(MGEs) on (a) the number of detected antibiotic 582 
resistance genes (ARGs) and the normalized abundance of co-occurring ARGs (copies per 16S rRNA 583 
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gene). Path arrows correspond to positive (red) and negative (green) effects with significance level of P < 584 
0.05 (solid line), and P > 0.05 (dotted line) with path directions. Numbers adjacent to the path arrows are 585 
path coefficients (standardized regression weights), and the arrow width is proportional to the strength of 586 
path coefficients. Bar charts show the standardized direct effect, indirect effect and total effect of metal 587 
toxicity index and MGEs on (b) number of detected ARGs and (c) normalized abundance of co-occurring 588 
ARGs (copies per 16S rRNA gene) derived from path modelling (a).  589 
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Table 1 Total concentrations of metals in Belfast urban soils. 
 
Symbol Name Average (mg/kg) Min - Max (mg/kg) Category 
Pb Lead 354.5 22.9 - 2910 Post-transition metal 
Cd Cadmium 0.8 0.08 - 3.27 Transition metal 
Co Cobalt 22.3 6.1 - 48 Transition metal 
Cr Chromium 64.1 24 - 345 Transition metal 
Cu Copper 160.0 19 - 954 Transition metal 
Hg Mercury 0.4 0.06 - 1.86 Transition metal 
Ni Nickel 82.3 20.1 - 244 Transition metal 
Zn Zinc 458.4 32 - 5550 Transition metal 
As Arsenic 14.1 2.2 - 51.3 Metalloid 
*Analyzed with aqua regia digestion followed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
(McIlwaine et al., 2017). 
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Table S1 Identity of the 50 Tellus soil samples selected for this study including their geographical sampling coordinates and land use.  23 
Sample ID Archive ID Easting Northing Land use 
T1 570004 328394 383304 Discontinuous urban fabric 
T2 570037 331298 382356 Discontinuous urban fabric 
T3 570041 341101 388229 Discontinuous urban fabric 
T4 570049 339707 388728 Discontinuous urban fabric 
T5 570050 344024 388418 Industrial or commercial units 
T6 570060 330246 381276 Pastures 
T7 570178 334275 379265 Discontinuous urban fabric 
T8 570181 333316 380316 Broad-leaved forest 
T9 570242 335609 376716 Port areas 
T10 570243 326717 371673 Natural grasslands 
T11 570266 333847 374762 Continuous urban fabric 
T12 570283 332063 376866 Discontinuous urban fabric 
T13 570294 330677 375638 Green urban areas 
T14 570300 331793 374801 Continuous urban fabric 
T15 570311 335630 375872 Port areas 
T16 570322 332333 373089 Continuous urban fabric 
T17 570351 332326 371107 Discontinuous urban fabric 
T18 570376 335269 375631 Port areas 
T19 570378 330284 373395 Green urban areas 
T20 570392 327763 367893 Discontinuous urban fabric 
T21 570400 329256 372854 Pastures 
T22 570430 327424 366167 Discontinuous urban fabric 
T23 570451 331851 368855 Sport and leisure facilities 
T24 570493 327192 364869 Discontinuous urban fabric 
T25 570518 334306 372415 Discontinuous urban fabric 
T26 570591 350386 380920 Sport and leisure facilities 
T27 570597 334252 370737 Broad-leaved forest 
T28 570602 336778 366700 Pastures 
T29 570637 335673 372755 Discontinuous urban fabric 
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T30 570638 338143 374685 Discontinuous urban fabric 
T31 570657 340813 372633 Pastures 
T32 570685 351233 378430 Pastures 
T33 570695 336407 374789 Continuous urban fabric 
T34 570701 336265 365928 Complex cultivation patterns 
T35 570716 337131 377436 Industrial or commercial units 
T36 570778 338727 373646 Discontinuous urban fabric 
T37 570797 342323 380241 Sport and leisure facilities 
T38 570803 344371 378797 Pastures 
T39 570804 345460 371772 Non-irrigated arable land 
T40 571097 323580 363330 Non-irrigated arable land 
T41 571168 339702 387252 Green urban areas 
T42 571246 336560 383441 Intertidal flats 
T43 571276 331659 375116 Continuous urban fabric 
T44 571316 330760 368103 Sport and leisure facilities 
T45 571354 332715 377213 Discontinuous urban fabric 
T46 571356 339635 379180 Industrial or commercial units 
T47 571386 330741 373393 Discontinuous urban fabric 
T48 571392 341812 381146 Discontinuous urban fabric 
T49 571480 336845 375717 Airports 
T50 571489 333668 372427 Green urban areas 
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Table S2 Primers used in this study. 26 
#Gene Name Forward Primer Reverse Primer ARDB Gene Classification Mechanism 
16S rRNA GGGTTGCGCTCGTTGC ATGGYTGTCGTCAGCTCGTG 
aac CCCTGCGTTGTGGCTATGT TTGGCCACGCCAATCC aac2ic Aminoglycoside antibiotic deactivate 
aac(6')I1 GACCGGATTAAGGCCGATG CTTGCCTTGATATTCAGTTTTTATAACCA aac6ia Aminoglycoside antibiotic deactivate 
aac(6')-Ib(aka aacA4)-01 GTTTGAGAGGCAAGGTACCGTAA GAATGCCTGGCGTGTTTGA aac6ib Aminoglycoside antibiotic deactivate 
aac(6')-Ib(aka aacA4)-02 CGTCGCCGAGCAACTTG CGGTACCTTGCCTCTCAAACC aac6ib Aminoglycoside antibiotic deactivate 
aac(6')-Ib(aka aacA4)-03 AGAAGCACGCCCGACACTT GCTCTCCATTCAGCATTGCA aac6ib Aminoglycoside antibiotic deactivate 
aac(6')-II CGACCCGACTCCGAACAA GCACGAATCCTGCCTTCTCA aac6iia Aminoglycoside antibiotic deactivate 
aac(6')-Iy GCTTTGCGGATGCCTCAAT GGAGAACAAAAATACCTTCAAGGAAA aac6iF Aminoglycoside antibiotic deactivate 
aacA/aphD AGAGCCTTGGGAAGATGAAGTTT TTGATCCATACCATAGACTATCTCATCA aac6ie Aminoglycoside antibiotic deactivate 
aacC CGTCACTTATTCGATGCCCTTAC GTCGGGCGCGGCATA aac3vi Aminoglycoside antibiotic deactivate 
aacC1 GGTCGTGAGTTCGGAGACGTA GCAAGTTCCCGAGGTAATCG aac3ia Aminoglycoside antibiotic deactivate 
aacC2 ACGGCATTCTCGATTGCTTT CCGAGCTTCACGTAAGCATTT aac3iia Aminoglycoside antibiotic deactivate 
aacC4 CGGCGTGGGACACGAT AGGGAACCTTTGCCATCAACT aac3iv Aminoglycoside antibiotic deactivate 
aadA-01 GTTGTGCACGACGACATCATT GGCTCGAAGATACCTGCAAGAA ant3ia Aminoglycoside antibiotic deactivate 
aadA-02 CGAGATTCTCCGCGCTGTA GCTGCCATTCTCCAAATTGC ant3ia Aminoglycoside antibiotic deactivate 
aadA1 AGCTAAGCGCGAACTGCAAT TGGCTCGAAGATACCTGCAA ant3ia Aminoglycoside antibiotic deactivate 
aadA-1-01 AAAAGCCCGAAGAGGAACTTG CATCTTTCACAAAGATGTTGCTGTCT aph3iiia Aminoglycoside antibiotic deactivate 
aadA-1-02 CGGAATTGAAAAAACTGATCGAA ATACCGGCTGTCCGTCATTT aph3iiia Aminoglycoside antibiotic deactivate 
aadA2-01 ACGGCTCCGCAGTGGAT GGCCACAGTAACCAACAAATCA ant2ia Aminoglycoside antibiotic deactivate 
aadA2-02 CTTGTCGTGCATGACGACATC TCGAAGATACCCGCAAGAATG ant2ia Aminoglycoside antibiotic deactivate 
aadA2-03 CAATGACATTCTTGCGGGTATC GACCTACCAAGGCAACGCTATG ant3ia Aminoglycoside antibiotic deactivate 
aadA5-01 ATCACGATCTTGCGATTTTGCT CTGCGGATGGGCCTAGAAG aadA5 Aminoglycoside antibiotic deactivate 
aadA5-02 GTTCTTGCTCTTGCTCGCATT GATGCTCGGCAGGCAAAC aadA5 Aminoglycoside antibiotic deactivate 
aadA9-01 CGCGGCAAGCCTATCTTG CAAATCAGCGACCGCAGACT aad9 Aminoglycoside antibiotic deactivate 
aadA9-02 GGATGCACGCTTGGATGAA CCTCTAGCGGCCGGAGTATT aad9 Aminoglycoside antibiotic deactivate 
aadD CCGACAACATTTCTACCATCCTT ACCGAAGCGCTCGTCGTATA aadd Aminoglycoside antibiotic deactivate 
aadE TACCTTATTGCCCTTGGAAGAGTTA GGAACTATGTCCCTTTTAATTCTACAATCT ant6ia Aminoglycoside antibiotic deactivate 
acrA-01 CAACGATCGGACGGGTTTC TGGCGATGCCACCGTACT acra Multidrug efflux pump 
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acrA-02 GGTCTATCACCCTACGCGCTATC GCGCGCACGAACATACC acra Multidrug efflux pump 
acrA-03 CAGACCCGCATCGCATATT CGACAATTTCGCGCTCATG acrA Multidrug efflux pump 
acrA-04 TACTTTGCGCGCCATCTTC CGTGCGCGAACGAACAT acra Multidrug efflux pump 
acrA-05 CGTGCGCGAACGAACA ACTTTGCGCGCCATCTTC acrA Multidrug efflux pump 
acrB-01 AGTCGGTGTTCGCCGTTAAC CAAGGAAACGAACGCAATACC acrb Multidrug efflux pump 
acrF GCGGCCAGGCACAAAA TACGCTCTTCCCACGGTTTC acrf Multidrug efflux pump 
acrR-01 GCGCTGGAGACACGACAAC GCCTTGCTGCGAGAACAAA acrR Multidrug efflux pump 
acrR-02 GATGATACCCCCTGCTGTGAGA ACCAAACAAGAAGCGCAAGAA acrR Multidrug efflux pump 
adeA CAGTTCGAGCGCCTATTTCTG CGCCCTGACCGACCAAT adea Multidrug efflux pump 
ampC/blaDHA TGGCCGCAGCAGAAAGA CCGTTTTATGCACCCAGGAA bl1_ampc/dha Beta_Lactamase antibiotic deactivate 
ampC-01 TGGCGTATCGGGTCAATGT CTCCACGGGCCAGTTGAG bl1_ampC Beta_Lactamase antibiotic deactivate 
ampC-02 GCAGCACGCCCCGTAA TGTACCCATGATGCGCGTACT bl1_ec Beta_Lactamase antibiotic deactivate 
ampC-04 TCCGGTGACGCGACAGA CAGCACGCCGGTGAAAGT bl1_ec(ampC) Beta_Lactamase antibiotic deactivate 
ampC-05 CTGTTCGAGCTGGGTTCTATAAGTAAA CAGTATCTGGTCACCGGATCGT bl1_ampc Beta_Lactamase antibiotic deactivate 
ampC-06 CCGCTCAAGCTGGACCATAC CCATATCCTGCACGTTGGTTT bl1_ampc Beta_Lactamase antibiotic deactivate 
ampC-07 CCGCCCAGAGCAAGGACTA GCTCGACTTCACGCCGTAAG bl1_ampc Beta_Lactamase antibiotic deactivate 
ampC-09 CAGCCGCTGATGAAAAAATATG CAGCGAGCCCACTTCGA bl1_sm Beta_Lactamase antibiotic deactivate 
aph TTTCAGCAAGTGGATCATGTTAAAAT CCAAGCTGTTTCCACTGTTTTTC spec-aph Aminoglycoside antibiotic deactivate 
aph(2')-Id-01 TGAGCAGTATCATAAGTTGAGTGAAAAG GACAGAACAATCAATCTCTATGGAATG aph2 Aminoglycoside antibiotic deactivate 
aph(2')-Id-02 TAAGGATATACCGACAGTTTTGGAAA TTTAATCCCTCTTCATACCAATCCATA aph2 Aminoglycoside antibiotic deactivate 
aph6ia CCCATCCCATGTGTAAGGAAA GCCACCGCTTCTGCTGTAC aph6ia Aminoglycoside antibiotic deactivate 
aphA1(aka kanR) TGAACAAGTCTGGAAAGAAATGCA CCTATTAATTTCCCCTCGTCAAAAA aph3ia Aminoglycoside antibiotic deactivate 
bacA-01 CGGCTTCGTGACCTCGTT ACAATGCGATACCAGGCAAAT bacA Others antibiotic deactivate 
bacA-02 TTCCACGACACGATTAAGTCATTG CGGCTCTTTCGGCTTCAG baca Others antibiotic deactivate 
bla1 GCAAGTTGAAGCGAAAGAAAAGA TACCAGTATCAATCGCATATACACCTAA bl2a_iii Beta_Lactamase antibiotic deactivate 
bla-ACC-1 CACACAGCTGATGGCTTATCTAAAA AATAAACGCGATGGGTTCCA bl1_acc Beta_Lactamase antibiotic deactivate 
blaCMY CCGCGGCGAAATTAAGC GCCACTGTTTGCCTGTCAGTT bl1_cmy2 Beta_Lactamase antibiotic deactivate 
blaCMY2-01 AAAGCCTCAT GGGTGCATAAA ATAGCTTTTGTTTGCCAGCATCA bl1_cmy2 Beta_Lactamase antibiotic deactivate 
blaCMY2-02 GCGAGCAGCCTGAAGCA CGGATGGGCTTGTCCTCTT bl1_cmy2 Beta_Lactamase antibiotic deactivate 
blaCTX-M-01 GGAGGCGTGACGGCTTTT TTCAGTGCGATCCAGACGAA bl2be_ctxm Beta_Lactamase antibiotic deactivate 
blaCTX-M-02 GCCGCGGTGCTGAAGA ATCGGATTATAGTTAACCAGGTCAGATTT bl2be_ctxm Beta_Lactamase antibiotic deactivate 
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blaCTX-M-03 CGATACCACCACGCCGTTA GCATTGCCCAACGTCAGATT bl2be_ctxm Beta_Lactamase antibiotic deactivate 
blaCTX-M-04 CTTGGCGTTGCGCTGAT CGTTCATCGGCACGGTAGA bl2be_ctxm Beta_Lactamase antibiotic deactivate 
blaCTX-M-05 GCGATAACGTGGCGATGAAT GTCGAGACGGAACGTTTCGT bl2be_ctxm Beta_Lactamase antibiotic deactivate 
blaCTX-M-06 CACAGTTGGTGACGTGGCTTAA CTCCGCTGCCGGTTTTATC bl2be_ctxm Beta_Lactamase antibiotic deactivate 
blaGES GCAATGTGCTCAACGTTCAAG GTGCCTGAGTCAATTCTTTCAAAG bl2_ges Beta_Lactamase antibiotic deactivate 
blaIMP-01 AACACGGTTTGGTGGTTCTTGTA GCGCTCCACAAACCAATTG bl3_imp Beta_Lactamase antibiotic deactivate 
blaIMP-02 AAGGCAGCATTTCCTCTCATTTT GGATAGATCGAGAATTAAGCCACTCT bl3_imp Beta_Lactamase antibiotic deactivate 
bla-L1 CACCGGGTTACCAGCTGAAG GCGAAGCTGCGCTTGTAGTC bl3_l Beta_Lactamase antibiotic deactivate 
blaMOX/blaCMY CTATGTCAATGTGCCGAAGCA GGCTTGTCCTCTTTCGAATAGC bl1_mox(cmy) Beta_Lactamase antibiotic deactivate 
blaOCH GGCGACTTGCGCCGTAT TTTTCTGCTCGGCCATGAG bl2a_okp Beta_Lactamase antibiotic deactivate 
blaOKP GCCGCCATCACCATGAG GGTGACGTTGTCACCGATCTG bl2d_oxa1/bl2d_oxa30 Beta_Lactamase antibiotic deactivate 
blaOXA1/blaOXA30 CGGATGGTTTGAAGGGTTTATTAT TCTTGGCTTTTATGCTTGATGTTAA bl2d_oxa10 Beta_Lactamase antibiotic deactivate 
blaOXA10-01 CGCAATTATCGGCCTAGAAACT TTGGCTTTCCGTCCCATTT bl2d_oxa10 Beta_Lactamase antibiotic deactivate 
blaOXA10-02 CGCAATTATCGGCCTAGAAACT TTGGCTTTCCGTCCCATTT bl2be_oxy1 Beta_Lactamase antibiotic deactivate 
blaOXY CGTTCAGGCGGCAGGTT GCCGCGATATAAGATTTGAGAATT bl1_pao Beta_Lactamase antibiotic deactivate 
blaPAO CGCCGTACAACCGGTGAT GAAGTAATGCGGTTCTCCTTTCA bl2be_per Beta_Lactamase antibiotic deactivate 
blaPER TGCTGGTTGCTGTTTTTGTGA CCTGCGCAATGATAGCTTCAT bl2c_pse1 Beta_Lactamase antibiotic deactivate 
blaPSE TTGTGACCTATTCCCCTGTAATAGAA TGCGAAGCACGCATCATC bl2c_pse1 Beta_Lactamase antibiotic deactivate 
blaROB GCAAAGGCATGACGATTGC CGCGCTGTTGTCGCTAAA bl2b_rob Beta_Lactamase antibiotic deactivate 
blaSFO CCGCCGCCATCCAGTA GGGCCGCCAAGATGCT blaSFO Beta_Lactamase antibiotic deactivate 
blaSHV-01 TCCCATGATGAGCACCTTTAAA TTCGTCACCGGCATCCA bl2be_shv2/2bl2_len Beta_Lactamase antibiotic deactivate 
blaSHV-02 CTTTCCCATGATGAGCACCTTT TCCTGCTGGCGATAGTGGAT bl2be_shv2 Beta_Lactamase antibiotic deactivate 
blaTEM AGCATCTTACGGATGGCATGA TCCTCCGATCGTTGTCAGAAGT bl2b_tem1 Beta_Lactamase antibiotic deactivate 
blaTLA ACACTTTGCCATTGCTGTTTATGT TGCAAATTTCGGCAATAATCTTT blaTLA Beta_Lactamase antibiotic deactivate 
blaVEB CCCGATGCAAAGCGTTATG GAAAGATTCCCTTTATCTATCTCAGACAA bl2_veb Beta_Lactamase antibiotic deactivate 
blaVIM GCACTTCTCGCGGAGATTG CGACGGTGATGCGTACGTT bl3_vim Beta_Lactamase antibiotic deactivate 
blaZ GGAGATAAAGTAACAAATCCAGTTAGATATGA TGCTTAATTTTCCATTTGCGATAAG bl2a_pc Beta_Lactamase antibiotic deactivate 
carB GGAGTGAGGCTGACCGTAGAAG ATCGGCGAAACGCACAAA carB MLSB efflux pump 
catA1 GGGTGAGTTTCACCAGTTTTGATT CACCTTGTCGCCTTGCGTATA cata1 Others antibiotic deactivate 
catB3 GCACTCGATGCCTTCCAAAA AGAGCCGATCCAAACGTCAT catb3 Others antibiotic deactivate 
catB8 CACTCGACGCCTTCCAAAG CCGAGCCTATCCAGACATCATT catb8 Others antibiotic deactivate 
 S8 
 
ceoA ATCAACACGGACCAGGACAAG GGAAAGTCCGCTCACGATGA ceoA Multidrug efflux pump 
cepA AGTTGCGCAGAACAGTCCTCTT TCGTATCTTGCCCGTCGATAAT bl2e_cepa Beta_Lactamase antibiotic deactivate 
cfiA GCAGCGTTGCTGGACACA GTTCGGGATAAACGTGGTGACT cfiA Beta_Lactamase antibiotic deactivate 
cfr GCAAAATTCAGAGCAAGTTACGAA AAAATGACTCCCAACCTGCTTTAT cfr Others antibiotic deactivate 
cfxA TCATTCCTCGTTCAAGTTTTCAGA TGCAGCACCAAGAGGAGATGT bl2e_cfxa Beta_Lactamase antibiotic deactivate 
IntI-1 GGCATCCAAGCAGCAAG AAGCAGACTTGACCTGA Integron integrase 
cmeA GCAGCAAAGAAGAAGCACCAA AGCAGGGTAAGTAAAACTAAGTGGTAAATCT cmea Multidrug efflux pump 
cmlA1-01 TAGGAAGCATCGGAACGTTGAT CAGACCGAGCACGACTGTTG cml_e1 Chloramphenicol efflux pump 
cmlA1-02 AGGAAGCATCGGAACGTTGA ACAGACCGAGCACGACTGTTG cml_e1 Chloramphenicol efflux pump 
cmr CGGCATCGTCAGTGGAATT CGGTTCCGAAAAAGATGGAA cmr Multidrug efflux pump 
cmx(A) GCGATCGCCATCCTCTGT TCGACACGGAGCCTTGGT cmx(A) Chloramphenicol efflux pump 
cphA-01 GCGAGCTGCACAAGCTGAT CGGCCCAGTCGCTCTTC bl3_cpha  Beta_Lactamase antibiotic deactivate 
cphA-02 GTGCTGATGGCGAGTTTCTG GGTGTGGTAGTTGGTGTTGATCAC bl3_cpha  Beta_Lactamase antibiotic deactivate 
dfrA1 GGAATGGCCCTGATATTCCA AGTCTTGCGTCCAACCAACAG dfra1 Sulfonamide antibiotic deactivate 
dfrA12 CCTCTACCGAACCGTCACACA GCGACAGCGTTGAAACAACTAC dfra12 Sulfonamide antibiotic deactivate 
emrD CTCAGCAGTATGGTGGTAAGCATT ACCAGGCGCCGAAGAAC emrd Multidrug efflux pump 
ereA CCTGTGGTACGGAGAATTCATGT ACCGCATTCGCTTTGCTT erea MLSB antibiotic deactivate 
ereB GCTTTATTTCAGGAGGCGGAAT TTTTAAATGCCACAGCACAGAATC ereB Others antibiotic deactivate 
erm(34) GCGCGTTGACGACGATTT TGGTCATACTCGACGGCTAGAAC erm34 MLSB cellular protection 
erm(35) TTGAAAACGATGTTGCATTAAGTCA TCTATAATCACAACTAACCACTTGAACGT erm35 MLSB cellular protection 
erm(36) GGCGGACCGACTTGCAT TCTGCGTTGACGACGGTTAC erm36 MLSB cellular protection 
ermA TTGAGAAGGGATTTGCGAAAAG ATATCCATCTCCACCATTAATAGTAAACC erma MLSB cellular protection 
ermA/ermTR ACATTTTACCAAGGAACTTGTGGAA GTGGCATGACATAAACCTTCATCA erma/ermTR MLSB cellular protection 
ermB TAAAGGGCATTTAACGACGAAACT TTTATACCTCTGTTTGTTAGGGAATTGAA ermb MLSB cellular protection 
ermC TTTGAAATCGGCTCAGGAAAA ATGGTCTATTTCAATGGCAGTTACG ermc MLSB cellular protection 
ermF CAGCTTTGGTTGAACATTTACGAA AAATTCCTAAAATCACAACCGACAA ermf MLSB cellular protection 
ermJ/ermD GGACTCGGCAATGGTCAGAA CCCCGAAACGCAATATAATGTT ermJ/ermD MLSB cellular protection 
ermK-01 GTTTGATATTGGCATTGTCAGAGAAA ACCATTGCCGAGTCCACTTT ermK MLSB cellular protection 
ermK-02 GAGCCGCAAGCCCCTTT GTGTTTCATTTGACGCGGAGTAA ermK MLSB cellular protection 
ermT-01 GTTCACTAGCACTATTTTTAATGACAGAAGT GAAGGGTGTCTTTTTAATACAATTAACGA ermt MLSB cellular protection 
ermT-02 GTAAAATCCCTAGAGAATACTTTCATCCA TGAGTGATATTTTTGAAGGGTGTCTT ermt MLSB cellular protection 
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ermX GCTCAGTGGTCCCCATGGT ATCCCCCCGTCAACGTTT ermx MLSB cellular protection 
ermY TTGTCTTTGAAAGTGAAGCAACAGT TAACGCTAGAGAACGATTTGTATTGAG ermy MLSB cellular protection 
fabK TTTCAGCTCAGCACTTTGGTCAT AAGGCATCTTTTTCAGCCAGTTC fabK Others antibiotic deactivate 
floR ATTGTCTTCACGGTGTCCGTTA CCGCGATGTCGTCGAACT cml_e3 Multidrug efflux pump 
folA CGAGCAGTTCCTGCCAAAG CCCAGTCATCCGGTTCATAATC folA Sulfonamide antibiotic deactivate 
fosB TCACTGTAACTAATGAAGCATTAGACCAT CCATCTGGATCTGTAAAGTAAAGAGATC fosB Others antibiotic deactivate 
fosX GATTAAGCCATATCACTTTAATTGTGAAAG TCTCCTTCCATAATGCAAATCCA fosx Others antibiotic deactivate 
fox5 GGTTTGCCGCTGCAGTTC GCGGCCAGGTGACCAA fox5 Beta_Lactamase antibiotic deactivate 
imiR CCGGACTAGAGCTTCATGTAAGC CCCACGCGGTACTCTTGTAAA imiR Others other/unknown 
cIntI-1 CGAACGAGTGGCGGAGGGTG TACCCGAGAGCTTGGCACCCA Integron integrase 
IS613 AGGTTCGGACTCAATGCAACA TTCAGCACATACCGCCTTGAT transposase Transposase transposase 
lmrA-01 TCGACGTGACCGTAGTGAACA CGTGACTACCCAGGTGAGTTGA lmra MLSB efflux pump 
lnuA-01 TGACGCTCAACACACTCAAAAA TTCATGCTTAAGTTCCATACGTGAA lnua MLSB antibiotic deactivate 
lnuB-01 TGAACATAATCCCCTCGTTTAAAGAT TAATTGCCCTGTTTCATCGTAAATAA lnub MLSB antibiotic deactivate 
lnuB-02 AAAGGAGAAGGTGACCAATACTCTGA GGAGCTACGTCAAACAACCAGTT lnub MLSB antibiotic deactivate 
lnuC TGGTCAATATAACAGATGTAAACCAGATTT CACCCCAGCCACCATCAA lnuC MLSB antibiotic deactivate 
marR-01 GCGGCGTACTGGTGAAGCTA TGCCCTGGTCGTTGATGA marR Multidrug efflux pump 
matA/mel TAGTAGGCAAGCTCGGTGTTGA CCTGTGCTATTTTAAGCCTTGTTTCT matA/mel MLSB efflux pump 
mdetl1 ATACAGCAGTGGATATTGGTTTAATTGT TGCATAAGGTGAATGTTCCATGA mdetl1 Multidrug efflux pump 
mdtA CCTAACGGGCGTGACTTCA TTCACCTGTTTCAAGGGTCAAA mdtA MLSB efflux pump 
mdtE/yhiU CGTCGGCGCACTCGTT TCCAGACGTTGTACGGTAACCA mdtE/yhiU Multidrug efflux pump 
mecA GGTTACGGACAAGGTGAAATACTGAT TGTCTTTTAATAAGTGAGGTGCGTTAATA meca Beta_Lactamase cellular protection 
mefA CCGTAGCATTGGAACAGCTTTT AAACGGAGTATAAGAGTGCTGCAA mefa MLSB efflux pump 
mepA ATCGGTCGCTCTTCGTTCAC ATAAATAGGATCGAGCTGCTGGAT mepA Multidrug efflux pump 
mexA AGGACAACGCTATGCAACGAA CCGGAAAGGGCCGAAAT mexA Multidrug efflux pump 
mexD TTGCCACTGGCTTTCATGAG CACTGCGGAGAACTGTCTGTAGA mexD? Multidrug efflux pump 
mexE GGTCAGCACCGACAAGGTCTAC AGCTCGACGTACTTGAGGAACAC mexe Multidrug efflux pump 
mexF CCGCGAGAAGGCCAAGA TTGAGTTCGGCGGTGATGA mexf Multidrug efflux pump 
mphA-01 CTGACGCGCTCCGTGTT GGTGGTGCATGGCGATCT mphA MLSB antibiotic deactivate 
mphA-02 TGATGACCCTGCCATCGA TTCGCGAGCCCCTCTTC mphA MLSB antibiotic deactivate 
mphB CGCAGCGCTTGATCTTGTAG TTACTGCATCCATACGCTGCTT mphb MLSB antibiotic deactivate 
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mphC CGTTTGAAGTACCGAATTGGAAA GCTGCGGGTTTGCCTGTA mphc MLSB antibiotic deactivate 
msrA-01 CTGCTAACACAAGTACGATTCCAAAT TCAAGTAAAGTTGTCTTACCTACACCATT msra MLSB efflux pump 
msrC-01 TCAGACCGGATCGGTTGTC CCTATTTTTTGGAGTCTTCTCTCTAATGTT msrC MLSB efflux pump 
mtrC-01 GGACGGGAAGATGGTCCAA CGTAGCGTTCCGGTTCGAT mtrC Multidrug efflux pump 
mtrC-02 CGGAGTCCATCGACCATTTG ATCGTCGGCAAGGAGAATCA mtrC Multidrug efflux pump 
mtrD-02 GGTCGGCACGCTCTTGTC TGAAGAATTTGCGCACCACTAC mtrD Multidrug efflux pump 
mtrD-03 CCGCCAAGCCGATATAGACA GGCCGGGTTGCCAAA mtrD Multidrug efflux pump 
ndm-1 ATTAGCCGCTGCATTGAT CATGTCGAGATAGGAAGTG Beta_Lactamase antibiotic deactivate 
nimE TGCGCCAAGATAGGGCATA GTCGTGAATTCGGCAGGTTTA nimE Others other/unknown 
nisB GGGAGAGTTGCCGATGTTGTA AGCCACTCGTTAAAGGGCAAT nisB Others other/unknown 
oleC CCCGGAGTCGATGTTCGA GCCGAAGACGTACACGAACAG oleC MLSB efflux pump 
oprD ATGAAGTGGAGCGCCATTG GGCCACGGCGAACTGA oprd Multidrug efflux pump 
oprJ ACGAGAGTGGCGTCGACAA AAGGCGATCTCGTTGAGGAA oprj Multidrug efflux pump 
pbp CCGGTGCCATTGGTTTAGA AAAATAGCCGCCCCAAGATT pbp Beta_Lactamase cellular protection 
pbp2x TTTCATAAGTATCTGGACATGGAAGAA CCAAAGGAAACTTGCTTGAGATTAG pbpp2x Beta_Lactamase cellular protection 
Pbp5 GGCGAACTTCTAATTAATCCTATCCA CGCCGATGACATTCTTCTTATCTT Pbp5 Beta_Lactamase cellular protection 
penA AGACGGTAACGTATAACTTTTTGAAAGA GCGTGTAGCCGGCAATG pbp2b/pena Beta_Lactamase cellular protection 
pikR1 TCGACATGCGTGACGAGATT CCGCGAATTAGGCCAGAA pikR1 MLSB cellular protection 
pikR2 TCGTGGGCCAGGTGAAGA TTCCCCTTGCCGGTGAA pikR2 MLSB cellular protection 
pmrA TTTGCAGGTTTTGTTCCTAATGC GCAGAGCCTGATTTCTCCTTTG pmrA/MdtA Multidrug efflux pump 
pncA GCAATCGAGGCGGTGTTC TTGCCGCAGCCAATTCA pncA Others other/unknown 
putitive multidrug AATTTTGCCGATTATTGCTGAAA GATTGTCATCATTCGTTTATCACCAA putitive multidrug Multidrug efflux pump 
qac CAATAATAACCGAAATAATAGGGACAAGTT AATAAGTGTTCCTAGTGTTGGCCATAG qac Multidrug efflux pump 
qacA TGGCAATAGGAGCTATGGTGTTT AAGGTAACACTATTTTCGGTCCAAATC qaca Multidrug efflux pump 
qacA/qacB TTTAGGCAGCCTCGCTTCA CCGAATCCAAATAAAACCCAATAA qaca/qacb Multidrug efflux pump 
qacEdelta1-01 TCGCAACATCCGCATTAAAA ATGGATTTCAGAACCAGAGAAAGAAA qacEdelta1 Multidrug efflux pump 
qacEdelta1-02 CCCCTTCCGCCGTTGT CGACCAGACTGCATAAGCAACA qacEdelta1 Multidrug efflux pump 
qacH-01 GTGGCAGCTATCGCTTGGAT CCAACGAACGCCCACAA qacH Multidrug efflux pump 
qacH-02 CATCGTGCTTGTGGCAGCTA TGAACGCCCAGAAGTCTAGTTTT qacH Multidrug efflux pump 
qnrA AGGATTTCTCACGCCAGGATT CCGCTTTCAATGAAACTGCAA qnra Others other/unknown 
rarD-02 TGACGCATCGCGTGATCT AAATTTTCTGTGGCGTCTGAATC rarD Multidrug efflux pump 
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sat4 GAATGGGCAAAGCATAAAAACTTG CCGATTTTGAAACCACAATTATGATA sat Others antibiotic deactivate 
sdeB CACTACCGCTTCCGCACTTAA TGAAAAAACGGGAAAAGTCCAT sdeB Multidrug efflux pump 
spcN-01 AAAAGTTCGATGAAACACGCCTAT TCCAGTGGTAGTCCCCGAATC spcN Aminoglycoside antibiotic deactivate 
spcN-02 CAGAATCTTCCTGAAAAGTTTGATGAA CGCAGACACGCCGAATC spcN Aminoglycoside antibiotic deactivate 
speA GCAAGAGGTATTTGCTCAACAAGA CAGGGTCACCCTCATAAAGAAAA speA Others other/unknown 
str AATGAGTTTTGGAGTGTCTCAACGTA AATCAAAACCCCTATTAAAGCCAAT aph33ib Aminoglycoside antibiotic deactivate 
strA CCGGTGGCATTTGAGAAAAA GTGGCTCAACCTGCGAAAAG aph33ib Aminoglycoside antibiotic deactivate 
strB GCTCGGTCGTGAGAACAATCT CAATTTCGGTCGCCTGGTAGT aph6id Aminoglycoside antibiotic deactivate 
sul1 CAGCGCTATGCGCTCAAG ATCCCGCTGCGCTGAGT sul1 Sulfonamide cellular protection 
sul2 TCATCTGCCAAACTCGTCGTTA GTCAAAGAACGCCGCAATGT sul2 Sulfonamide cellular protection 
sulA/folP-01 CAGGCTCGTAAATTGATAGCAGAAG CTTTCCTTGCGAATCGCTTT sulA/folP Sulfonamide cellular protection 
sulA/folP-03 CACGGCTTCGGCTCATGT TGCCATCCTGTGACTAGCTACGT sulA/folP Sulfonamide cellular protection 
tet(32) CCATTACTTCGGACAACGGTAGA CAATCTCTGTGAGGGCATTTAACA tet32 Tetracycline cellular protection 
tet(34) CTTAGCGCAAACAGCAATCAGT CGGTGATACAGCGCGTAAACT tet34 Tetracycline other/unknown 
tet(35) ACCCCATGACGTACCTGTAGAGA CAACCCACACTGGCTACCAGTT tet35 Tetracycline other/unknown 
tet(36)-01 AGAATACTCAGCAGAGGTCAGTTCCT TGGTAGGTCGATAACCCGAAAAT tet36 Tetracycline cellular protection 
tet(36)-02 TGCAGGAAAGACCTCCATTACAG CTTTGTCCACACTTCCACGTACTATG tet36 Tetracycline cellular protection 
tet(37) GAGAACGTTGAAAAGGTGGTGAA AACCAAGCCTGGATCAGTCTCA tet37 Tetracycline other/unknown 
tetA-01 GCTGTTTGTTCTGCCGGAAA GGTTAAGTTCCTTGAACGCAAACT teta Tetracycline efflux pump 
tetA-02 CTCACCAGCCTGACCTCGAT CACGTTGTTATAGAAGCCGCATAG teta Tetracycline efflux pump 
tetB-01 AGTGCGCTTTGGATGCTGTA AGCCCCAGTAGCTCCTGTGA tetb Tetracycline efflux pump 
tetB-02 GCCCAGTGCTGTTGTTGTCAT TGAAAGCAAACGGCCTAAATACA tetb Tetracycline efflux pump 
tetC-01 CATATCGCAATACATGCGAAAAA AAAGCCGCGGTAAATAGCAA tetC Tetracycline efflux pump 
tetC-02 ACTGGTAAGGTAAACGCCATTGTC ATGCATAAACCAGCCATTGAGTAAG tetC Tetracycline efflux pump 
tetD-01 TGCCGCGTTTGATTACACA CACCAGTGATCCCGGAGATAA tetd Tetracycline efflux pump 
tetD-02 TGTCATCGCGCTGGTGATT CATCCGCTTCCGGGAGAT tetd Tetracycline efflux pump 
tetE TTGGCGCTGTATGCAATGAT CGACGACCTATGCGATCTGA tete Tetracycline efflux pump 
tetG-01 TCAACCATTGCCGATTCGA TGGCCCGGCAATCATG tetg Tetracycline efflux pump 
tetG-02 CATCAGCGCCGGTCTTATG CCCCATGTAGCCGAACCA tetg Tetracycline efflux pump 
tetH TTTGGGTCATCTTACCAGCATTAA TTGCGCATTATCATCGACAGA teth Tetracycline efflux pump 
tetJ GGGTGCCGCATTAGATTACCT TCGTCCAATGTAGAGCATCCATA tetj Tetracycline efflux pump 
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tetK CAGCAGTCATTGGAAAATTATCTGATTATA CCTTGTACTAACCTACCAAAAATCAAAATA tetk Tetracycline efflux pump 
tetL-01 AGCCCGATTTATTCAAGGAATTG CAAATGCTTTCCCCCTGTTCT tetl Tetracycline efflux pump 
tetL-02 ATGGTTGTAGTTGCGCGCTATAT ATCGCTGGACCGACTCCTT tetl Tetracycline efflux pump 
tetM-01 CATCATAGACACGCCAGGACATAT CGCCATCTTTTGCAGAAATCA tetm Tetracycline cellular protection 
tetM-02 TAATATTGGAGTTTTAGCTCATGTTGATG CCTCTCTGACGTTCTAAAAGCGTATTAT tetm Tetracycline cellular protection 
tetO-01 ATGTGGATACTACAACGCATGAGATT TGCCTCCACATGATATTTTTCCT teto Tetracycline cellular protection 
tetPA AGTTGCAGATGTGTATAGTCGTAAACTATCTATT TGCTACAAGTACGAAAACAAAACTAGAA tetpa Tetracycline efflux pump 
tetPB-01 ACACCTGGACACGCTGATTTT ACCGTCTAGAACGCGGAATG tetpb Tetracycline cellular protection 
tetPB-02 TGATACACCTGGACACGCTGAT CGTCCAAAACGCGGAATG tetpb Tetracycline cellular protection 
tetPB-03 TGGGCGACAGTAGGCTTAGAA TGACCCTACTGAAACATTAGAAATATACCT tetpb Tetracycline cellular protection 
tetPB-04 AGTGGTGCAAATACTGAAAAAGTTGT TTTGTTCCTTCGTTTTGGACAGA tetpb Tetracycline cellular protection 
tetPB-05 CTGAAGTGGAGCGATCATTCC CCCTCAACGGCAGAAATAACTAA tetpb Tetracycline cellular protection 
tetQ CGCCTCAGAAGTAAGTTCATACACTAAG TCGTTCATGCGGATATTATCAGAAT tetq Tetracycline cellular protection 
tetR-02 CGCGATAGACGCCTTCGA TCCTGACAACGAGCCTCCTT tetR Tetracycline efflux pump 
tetR-03 CGCGATGGAGCAAAAGTACAT AGTGAAAAACCTTGTTGGCATAAAA tetR Tetracycline efflux pump 
tetS TTAAGGACAAACTTTCTGACGACATC TGTCTCCCATTGTTCTGGTTCA tets Tetracycline cellular protection 
tetT CCATATAGAGGTTCCACCAAATCC TGACCCTATTGGTAGTGGTTCTATTG tett Tetracycline cellular protection 
tetU-01 GTGGCAAAGCAACGGATTG TGCGGGCTTGCAAAACTATC tetU Tetracycline other/unknown 
tetV GCGGGAACGACGATGTATATC CCGCTATCTCACGACCATGAT tetv Tetracycline efflux pump 
tetX AAATTTGTTACCGACACGGAAGTT CATAGCTGAAAAAATCCAGGACAGTT tetx Tetracycline other/unknown 
tnpA-01 CATCATCGGACGGACAGAATT GTCGGAGATGTGGGTGTAGAAAGT Tn21 Transposase transposase 
tnpA-02 GGGCGGGTCGATTGAAA GTGGGCGGGATCTGCTT Tn22 Transposase transposase 
tnpA-03 AATTGATGCGGACGGCTTAA TCACCAAACTGTTTATGGAGTCGTT tnpA Transposase transposase 
tnpA-04 CCGATCACGGAAAGCTCAAG GGCTCGCATGACTTCGAATC Tn25 Transposase transposase 
tnpA-05 GCCGCACTGTCGATTTTTATC GCGGGATCTGCCACTTCTT Tn24 Transposase transposase 
tnpA-07 GAAACCGATGCTACAATATCCAATTT CAGCACCGTTTGCAGTGTAAG Tn23 Transposase transposase 
tolC-01 GGCCGAGAACCTGATGCA AGACTTACGCAATTCCGGGTTA tolc Multidrug efflux pump 
tolC-02 CAGGCAGAGAACCTGATGCA CGCAATTCCGGGTTGCT tolc Multidrug efflux pump 
tolC-03 GCCAGGCAGAGAACCTGATG CGCAATTCCGGGTTGCT tolc Multidrug efflux pump 
Tp614 GGAAATCAACGGCATCCAGTT CATCCATGCGCTTTTGTCTCT tp614 Transposase transposase 
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ttgA ACGCCAATGCCAAACGATT GTCACGGCGCAGCTTGA ttgA Multidrug efflux pump 
ttgB TCGCCCTGGATGTACACCTT ACCATTGCCGACATCAACAAC ttgB Multidrug efflux pump 
vanA AAAAGGCTCTGAAAACGCAGTTAT CGGCCGTTATCTTGTAAAAACAT vana Vancomycin cellular protection 
vanB-01 TTGTCGGCGAAGTGGATCA AGCCTTTTTCCGGCTCGTT vanb Vancomycin cellular protection 
vanB-02 CCGGTCGAGGAACGAAATC TCCTCCTGCAAAAAAAGATCAAC vanb Vancomycin cellular protection 
vanC-01 ACAGGGATTGGCTATGAACCAT TGACTGGCGATGATTTGACTATG vanC Vancomycin cellular protection 
vanC-03 AAATCAATACTATGCCGGGCTTT CCGACCGCTGCCATCA vanC Vancomycin cellular protection 
vanC1 AGGCGATAGCGGGTATTGAA CAATCGTCAATTGCTCATTTCC vanC1 Vancomycin cellular protection 
vanC2/vanC3 TTTGACTGTCGGTGCTTGTGA TCAATCGTTTCAGGCAATGG vanC2/3 Vancomycin cellular protection 
vanG ATTTGAATTGGCAGGTATACAGGTTA TGATTTGTCTTTGTCCATACATAATGC vang Vancomycin cellular protection 
vanHB GAGGTTTCCGAGGCGACAA CTCTCGGCGGCAGTCGTAT vanhb Vancomycin cellular protection 
vanHD GTGGCCGATTATACCGTCATG CGCAGGTCATTCAGGCAAT vanhd Vancomycin cellular protection 
vanRA-01 CCCTTACTCCCACCGAGTTTT TTCGTCGCCCCATATCTCAT vanra Vancomycin cellular protection 
vanRA-02 CCACTCCGGCCTTGTCATT GCTAACCACATTCCCCTTGTTTT vanra Vancomycin cellular protection 
vanRB GCCCTGTCGGATGACGAA TTACATAGTCGTCTGCCTCTGCAT vanrb Vancomycin cellular protection 
vanRC TGCGGGAAAAACTGAACGA CCCCCCATACGGTTTTGATTA vanrc Vancomycin cellular protection 
vanRC4 AGTGCTTTGGCTTATCTCGAAAA TCCGGCAGCATCACATCTAA vanrc Vancomycin cellular protection 
vanRD TTATAATGGCAAGGATGCACTAAAGT CGTCTACATCCGGAAGCATGA vanrd Vancomycin cellular protection 
vanSA CGCGTCATGCTTTCAAAATTC TCCGCAGAAAGCTCAATTTGTT vansa Vancomycin cellular protection 
vanSB GCGCGGCAAATGACAAC TTTGCCATTTTATTCGCACTGT vansb Vancomycin cellular protection 
vanSC-02 GCCATCAGCGAGTCTGATGA CAGCTGGGATCGTTTTTCCTT vansc Vancomycin cellular protection 
vanSE TGGCCGAAGAAGCAGGAA CAATAATACTCGTCAAAGGAGTTCTCA vanse Vancomycin cellular protection 
vanTC-01 CACACGCATTTTTTCCCATCTAG CAGCCAACAGATCATCAAAACAA vanTC Vancomycin cellular protection 
vanTC-02 ACAGTTGCCGCTGGTGAAG CGTGGCTGGTCGATCAAAA vantc Vancomycin cellular protection 
vanTE GTGGTGCCAAGGAAGTTGCT CGTAGCCACCGCAAAAAAAT vante Vancomycin cellular protection 
vanTG CGTGTAGCCGTTCCGTTCTT CGGCATTACAGGTATATCTGGAAA vantg Vancomycin cellular protection 
vanWB CGGACAAAGATACCCCCTATAAAG AAATAGTAAATTGCTCATCTGGCACAT vanwb Vancomycin cellular protection 
vanWG ACATTTTCATTTTGGCAGCTTGTAC CCGCCATAAGAGCCTACAATCT vanwg Vancomycin cellular protection 
vanXA CGCTAAATATGCCACTTGGGATA TCAAAAGCGATTCAGCCAACT vanxa Vancomycin cellular protection 
vanXB AGGCACAAAATCGAAGATGCTT GGGTATGGCTCATCAATCAACTT vanxb Vancomycin cellular protection 
vanXD TAAACCGTGTTATGGGAACGAA GCGATAGCCGTCCCATAAGA vanxd Vancomycin cellular protection 
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vanYB GGCTAAAGCGGAAGCAGAAA GATATCCACAGCAAGACCAAGCT vanyb Vancomycin cellular protection 
vanYD-01 AAGGCGATACCCTGACTGTCA ATTGCCGGACGGAAGCA vanyd Vancomycin cellular protection 
vanYD-02 CAAACGGAAGAGAGGTCACTTACA CGGACGGTAATAGGGACTGTTC vanyd Vancomycin cellular protection 
vatB-01 GGAAAAAGCAACTCCATCTCTTGA TCCTGGCATAACAGTAACATTCTGA vatB MLSB antibiotic deactivate 
vatB-02 TTGGGAAAAAGCAACTCCATCT CAATCCACACATCATTTCCAACA vatB MLSB antibiotic deactivate 
vatC-01 CGGAAATTGGGAACGATGTT GCAATAATAGCCCCGTTTCCTA vatC MLSB antibiotic deactivate 
vatC-02 CGATGTTTGGATTGGACGAGAT GCTGCAATAATAGCCCCGTTT vatC MLSB antibiotic deactivate 
vatE-01 GGTGCCATTATCGGAGCAAAT TTGGATTGCCACCGACAAT vate MLSB antibiotic deactivate 
vatE-02 GACCGTCCTACCAGGCGTAA TTGGATTGCCACCGACAATT vate MLSB antibiotic deactivate 
vgaA-01 CGAGTATTGTGGAAAGCAGCTAGTT CCCGTACCGTTAGAGCCGATA vgaa MLSB efflux pump 
vgaA-02 GACGGGTATTGTGGAAAGCAA TTTCCTGTACCATTAGATCCGATAATT vgaa MLSB efflux pump 
vgb-01 AGGGAGGGTATCCATGCAGAT ACCAAATGCGCCCGTTT vgb MLSB antibiotic deactivate 
vgbB-01 CAGCCGGATTCTGGTCCTT TACGATCTCCATTCAATTGGGTAAA vgaB MLSB efflux pump 
vgbB-02 ATACGAGCTGCCTAATAAAGGATCTT TGTGAACCACAGGGCATTATCA vgaB MLSB antibiotic deactivate 
yceE/mdtG-01 TGGCACAAAATATCTGGCAGTT TTGTGTGGCGATAAGAGCATTAG yceE/mdtG Multidrug efflux pump 
yceE/mdtG-02 TTATCTGTTTTCTGCTCACCTTCTTTT GCGTGGTGACAAACAGGCTTA yceE/mdtG Multidrug efflux pump 
yceL/mdtH-01 TCGGGATGGTGGGCAAT CGATAACCGAGCCGATGTAGA yceL/mdtH Multidrug efflux pump 
yceL/mdtH-02 CGCGTGAAACCTTAAGTGCTT AGACGGCTAAACCCCATATAGCT yceL/mdtH Multidrug efflux pump 
yceL/mdtH-03 CTGCCGTTAAATGGATGTATGC ACTCCAGCGGGCGATAGG yceL/mdtH Multidrug efflux pump 
yidY/mdtL-01 GCAGTTGCATATCGCCTTCTC CTTCCCGGCAAACAGCAT yidy/mdtl Multidrug efflux pump 
yidY/mdtL-02 TGCTGATCGGGATTCTGATTG CAGGCGCGACGAACATAAT yidy/mdtl Multidrug efflux pump 
 27 
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Table S3 Relationships between geographical distance and distributions of antibiotic resistance genes 29 
(ARGs) and metal(loid) contamination as investigated by distance-decay analysis of the 50 selected soils 30 
from the Tellus survey. 31 
 
Similarity of ARG 
community 
Similarity of metal(loid) 
contamination 
Geographic distance 
(km) 
Pearson Correlation -0.026 0.123 
Sig. (2-tailed) 0.355 < 0.001 
N 1226 1226 
 32 
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Table S4 The ability of different land use categories to explain variation in antibiotic resistance gene 34 
(ARG) distribution in the 50 selected soils from the Tellus survey by permanova test. 35 
The effect of land use on R-square Significance level 
Normalized abundance of ARGs 
(copies per 16S rRNA gene) 
0.01761 0.469 
Absolute abundance of ARGs 
(copies per gram of soil) 
0.01714 0.472 
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Table S6 Correlations between normalized abundance (copies per 16S rRNA gene) of clinical class 1 38 
integron-integrase gene (cIntI-1) and total antibiotic resistance genes (ARGs). 39 
 Total ARGs 
Pearson’s cIntI-1 Correlation Coefficient 0.330* 
Sig. (2-tailed) 0.019 
N 50 
Spearman’s cIntI-1 Correlation Coefficient 0.614** 
Sig. (2-tailed) 0.000 
N 50 
**. Correlation is significant at the 0.01 level (2-tailed); 
*. Correlation is significant at the 0.05 level (2-tailed). 
 40 
  41 
 S18 
 
 42 
Figure S1 Shannon H index of 50 soil samples showing ARG diversity in Belfast urban soils. Shannon’s 43 
H index accounts for both abundance and evenness of the ARGs present (bootstrap N: 9999, bootstrap 44 
type: percentiles). 45 
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 46 
Figure S2 Stacked bar chart showed the relative percentage of absolute abundance of antibiotic resistane genes (ARGs) conferring to different 47 
classes of antibiotics (gene copies per gram of soil). MLSB refers to macrolide-lincosamide-streptogramin B.48 
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 49 
Figure S3 Heatmap showing normalized abundance of antibiotic resistance genes (ARGs; copies per 16S 50 
rRNA gene) in 50 Tellus soils and their land use. Clustering of soil samples was conducted by 51 
hierarchical clustering based on euclidean distance. The color of the cell refers to the normalized 52 
abundance of ARGs. Each column refers to each ARG. 53 
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 54 
Figure S4 Heatmap showing absolute abundance of ARGs (copies per gram of soil) in 50 Tellus soils and 55 
their land use. Clustering of soil samples was conducted by hierarchical clustering based on euclidean 56 
distance.  The color of the cell refers to the normalized abundance of ARGs. Each column refers to each 57 
ARG. 58 
  59 
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 60 
Figure S5   Correlation between absolute abundances of class 1 integron/transposases and antibiotic 61 
resistance genes (ARGs; log gene copies per gram of soil). 62 
63 
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 64 
Figure S6  Correlations among metal toxicity index, mobile genetic elements (MGEs) and antibiotic 65 
resistane genes (ARGs) in 50 soils selected from the Tellus survey. Double-headed arrows correpond to 66 
positive (red) and negative (green) correlations. Pearson’s r coefficients and significance levels are 67 
indicated adjacent to the path arrows, and the arrow widths are proportional to the strength of correlations. 68 
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